It is likely that the production of structural defects in DNA is a prominent molecular event relevant to cellular inactivation by such diverse agents as X rays, ultraviolet light (UV), and the radiomimetic alkylating agent, nitrogen mustard. -3
rays."', 12 Since it also has been shown that nitrogen mustard (HN2) can produce interstrand cross links and chain breaks in DNA in vitro,3' 14 one might reasonably expect that any such structural defects produced sublethally in vivo could also serve to enhance the killing effect of ultraviolet and ionizing radiation.
First, this paper describes our technique for obtaining reproducible HN2 doseeffect curves for bacteria (Escherichia coli) and yeast (Saccharomyces cerevisiae) as a function of the initial HN2 concentration in the cell suspensions. For haploid and diploid yeast the resulting HN2 curves are similar in shape to the corresponding X ray survival curves, that is, exponential for haploid and sigmoid for diploid.6 Second, interaction experiments have shown that HN2 and 2537 A ultraviolet light act synergistically in the inactivation of haploid and diploid yeast, and E. coli B/r. On the other hand, while HN2 and X rays interact synergistically in B/r and diploid yeast, no such interaction occurs in haploid yeast. Materials and Methods.-Cultures of haploid and diploid yeast (Saccharomyces cerevisiae, SC-7 and SC-6) were grown for 6-8 days on potato-dextrose-agar (Difco) slants; E. coli B and B/r were grown for 18-20 hr either in nutrient broth or 1% peptone. The cells were then harvested, washed, and suspended in M/15 phosphate buffer (pH = 7.0) prior to treatment with 150 kv X rays (HVL = 1 mm Al), 2537 A ultraviolet light, or methyl bis (,B chloroethyl) amine hydrochloride (HN2). The suspensions were aerated by bubbling with sterile, water-saturated air during all X irradiations in order to maintain a maximum radiobiological oxygen effect. Yeast survivors were scored by their ability to form visible colonies on potato-dextrose-agar plates following 4 days' incubation at 28°C; the coli were plated on nutrient (salt) agar, and visible colonies counted after 18 hr incubation at 370C. Irradiation and calibration techniques for the X ray and UV sources have already been described;15 the X ray dose rate was 4.37 kilorads/min, and the incident UV flux (90% at 2537 A) was 20 ergs/mm2/sec.
Inactivation by HN2 was effected in the following manner: a concentrated aqueous solution of nitrogen mustard was made by dissolving a known amount of the desiccated hydrochloride salt in a known volume of the phosphate buffer. One ml of this solution was then diluted with 9 ml of cell suspension within 20 sec after preparation, producing the initial "exposure" concentration.
The suspensions were agitated continuously at room temperature (240C), and samples were 839 PROC. N. A. S.
removed and plated at various times following the addition of the chemical. The fall in viable titer of E. coli B for several initial HN2 concentrations is shown in Figure 1 . After approximately 3 hr incubation under these conditions (6 hr for yeast), there is no further change in viable titer, although in some instances a partial recovery occurs if the incubation time is extended to 1 day or more.'6 However, a definable plateau exists for several hours, and this was used as the biological end point in these experiments. The inactivation kinetics are the result of several complex processes, such as cyclization and hydrolysis of the mustard to less active forms, its diffusion across cell walls, and its fixation on cellular sites. Since the plateau in viable titer is determined by the amount of HN2 added to the suspensions, it is possible to construct "dose-effect" curves by plotting the plateau survival as a function of the initial HN2 concentration (Figs. 2 and 3 ).
Resutts.
-(1) Nitrogen mustard dose-effect curves for E. coli and yeast: The plateau survival for E. coli B and B/r as a function of initial HN2 concentration is shown in Figure 2 . It is seen that B/r is more resistant to HN2 inactivation than B. These results are similar to those of Bryson,"7 except that under our experimental conditions both B and B/r appear to be significantly more sensitive to HN2 inactivation. This apparent difference in HN2 sensitivity may be due to the fact that Bryson incubated the cells with HN2 for only 1 hr before plating.
Nitrogen mustard dose-effect curves for haploid and diploid yeast are shown in Figure 3 . These curves are strikingly similar in shape to the corresponding X ray survival curves for these cells, although the LD90 dose ratio between the two ploidies is somewhat less, being about 4 for HN2 as opposed to 5 for X rays. (Since it is unlikely that this reflects any similarity in the chemical actions of these agents on DNA or other cellular components, it is apparent that one cannot rigorously infer details of the initial physicochemical events involved in cellular inactivation solely from the intrinsic shapes of dose-effect curves. However, it might be argued that once age and radiation. It should be noted that, under the conditions of the experiments, the corre-for suspensions of interdivisional sponding X ray and UV survival curves for both haploid and diploid yeast. haploid yeast and E. coli B/r are similar in shape, i.e., exponential for X rays and sigmoid for UV.
(a) Haploid yeast: The upper curve in Figure 4 is a typical exponential X ray survival curve for interdivisional haploid yeast; below it is the X ray survival curve of another sample of the same suspension whose viable titer was reduced to 5 per cent by preliminary treatment with nitrogen mustard. Since these curves are parallel to one another, it is clear that HN2 treatment does not affect the X ray sensitivity of these cells. Similarly, if the order in which the two inactivating agents are applied to the cells is reversed, it is found that preliminary X ray exposure has no effect on the subsequent HN2 dose-effect curve. Thus, it would appear that there is no interaction between HN2 and X rays for the inactivation of interdivisional haploid yeast.
In contrast to this lack of interaction between HN2 and X rays, HN2 and 2537 A ultraviolet light act synergistically in the inactivation of these cells. The UV survival curve for interdivisional haploid yeast pretreated with HN2 is shown in Figure 5 (lower solid curve), where it is to be compared with that of another sample of the same population which was untreated with HN2 (upper solid curve). The broken curve labeled "no additivity" is simply the "UV only" curve displaced downward to the origin of the interaction (HN2 + UV) curve, while the curve labeled "complete additivity" is that portion of the "UY only" curve below the 2.5 per cent survival level (cf. ref. 6 ).
Thus, the synergism between HN2 and UV is manifested as a partial removal of the shoulder from the UV survival curve, with no apparent change in its limiting slope. The kinetics of the interaction have a rather more dramatic appearance when the order of the inactivating treatments is reversed: preliminary UV exposure which inactivates to the 10 per cent survival level serves to increase 2-to 3-fold the exponential slope of the HN2 dose-effect curve. These latter experiments are still in progress and will be described in more detail in a future paper. ' (c) Escherichia coli B/r: The interaction between HN2 and UV in E. coli B/r is similar to that for haploid and diploid yeast, although it would appear that the slope of the "HN2 + UV" curve does not attain parallelism with the "UV only" curve in the dose region investigated (Fig.  7) . However, it is clear that the interaction is synergistic, and HN2 pretreatment leads to a partial removal of the shoulder from the UV survival curve. In the reverse order, it has been found that preliminary UV exposure serves to remove the shoulder of the subsequent HN2 dose-effect curve. "8 Again in contrast to the case of haploid yeast, HN2 pretreatment increases the X ray sensitivity of E. coli B/r (Fig. 8) . The broken line in Figure 8 is drawn parallel to the "X ray only" curve to show that the interaction curve (HN2 + X rays) has a somewhat steeper slope (dose-modifying factor = 1.25). Thus, although both haploid yeast and E. coli B/r have exponential X ray survival curves, HN2-treated B/r are sensitized to X rays, whereas haploid yeast are not; but their UV responses after HN2 treatment are similar.
Discussion.-The results of the various interaction experiments among X rays (delivered under fully oxygenated conditions), 2537 A ultraviolet light and nitrogen mustard in haploid and diploid yeast, and E. coli B/r are summarized in Table 1 . The UV-X-ray interaction results have been reported elsewhere6' 11, 12 and are included here for convenience in this discussion. It should be noted that there is no interaction (denoted by "0" in the table) between X rays and either HN2 or UV in haploid yeast, whereas all possible interactions among these agents are synergistic in both diploid yeast and E. coli B/r (denoted by "+" in the table). Thus, it seems reasonable to regard haploid yeast as the anomalous organism in terms of these experiments, and to inquire if this pattern of interactions can be related to any other contrasting properties of haploid and diploid yeast. However, we must first consider the significance of the interactions in E. coli B/r, the existence of which is consistent with the view that the killing effect of ionizing and ultraviolet radiations is enhanced in cells whose DNA contains a sufficient number of sublethal structural alterations or defects. (Sim- recently been suggested that bacteria may possess enzymatic reactivation mechanisms which can either repair or effect a bypass of radiation damage in DNA.20-25 Thus, it is interesting to speculate on the possibility that synergistic interactions can be regarded operationally as arising from the inhibition of such reactivation processes. For example, independently of the precise mechanisms of the reactivation and their inhibition, one might assume that the probability of repair or bypass of any individual, but potentially lethal, DNA structural defect is reduced by the presence of any other neighboring defect within some arbitrary distance along the polynucleotide chain. This assumption implies that the dose-effect curves for agents which inactivate by attack on DNA should possess a shoulder, except in cases where the reactivation mechanisms are extremely inefficient or nonexistent, or the defects produced up to any practical dose level are so few and sparsely distributed along the polynucleotide chain as to be effectively independent of one another (e.g., no more than 1 in 25, and perhaps as few as 1 in 200, cistrons would be intersected by 100-ev ion clusters after a D37 X ray dose of 6.3 krads to E. coli B/r).
It will be recalled20-24 that the UV sensitivity of bacteriophage Ti can be increased, either by UV irradiation of the host cells, by substituting 5-bromouracil for thymine in the phage DNA, or by plating the irradiated phage on the radiationsensitive mutant E. coli B5-1.26 27 The first two of these effects presumably arise through the inhibition of reactivation processes in the host cells, while the mutant B5-, evidently lacks one or more of the reactivation enzymes.23' 28 At least two general reactivation mechanisms may be involved: (a) functional elimination of the damaged region of the phage DNA by genetic exchange with homologous regions of the bacterial DNA;20 and/or (b) restoration of the damaged region by direct enzymatic repair or local DNA synthesis.25 These possibilities need not be mutually exclusive,29 in that the reactivation enzymes may also serve some normal function in recombination processes.
If the interactions in yeast are similarly regarded as arising from the inhibition of reactivation processes, then the results shown in Table 1 would suggest that haploid yeast is unique in that it would appear to be incapable of either repairing or bypassing X ray damage. On this basis, the peculiar pattern of interactions in haploid as opposed to diploid yeast parallels the situation with regard to recovery of viability as observed upon delayed plating after treatment with either X rays, UV, or HN9: diploid yeast is capable of recovery after treatment with any one of these agent<;; but whereas haploid yeast is capable of some recovery after UV or HN2 treatment-hence, perhaps, the observed HN2-UV interaction-it is totally incapable of recovery after X irradiation.' Thus, it may be more than coincidental that the only two cases of zero interaction involve haploid yeast and X rays, and that the only instance of no recovery upon delayed plating is for haploid yeast after X irradiation. While it is premature to speculate on the reasons for the apparent absence of reactivation or recovery processes relevant to X ray damage in haploid yeast, several interesting possibilities come to mind: (1) haploid cells may be able to elaborate reactivation enzymes, but the X ray damage most relevant to inactivation may not be located in genetically functional DNA, but rather in some other, nonrepairable, structure; (2) with its strong tendency toward respiratory deficiency (absence or failure of aerobic metabolism), and since respiratory deficient diploid cells are incapable of recovery,'6 haploid yeast may be unable to produce enough ATP to drive the reactivation processes; (3) repair of X ray damage may be effected in diploid yeast only by recombination events, either during DNA replication or chromosomal pairing, which do not occur in the haploid strains. Experiments designed to test these various hypotheses are now in progress. 30
Summary.
-(1) A technique is described for obtaining reproducible "dose-effect" curves (analogous to radiobiological survival curves) for the inactivation of microorganisms by the bifunctional alkylating agent, nitrogen mustard. (2) The nitrogen mustard dose-effect curves for haploid and diploid yeast are similar in shape to the corresponding X ray survival curves for these organisms, i.e., exponential for haploid and sigmoid for diploid The LD90 dose ratio between the two ploidies is 4 for HN2 and 5 for X rays. (3) E. coli B/r is more resistant to inactivation by HN2 than is E. coli B. (4) Nitrogen mustard acts synergistically with both X rays and ultraviolet light in the inactivation of E. coli B/r, and diploid yeast, but only with UV in haploid yeast. (5) It is suggested that the formation by HN2 of sublethal structural defects in DNA serves to enhance the killing effect of both ultraviolet and ionizing radiations, and that synergistic effects arise through the mutual inhibition of reactivation processes which would otherwise serve to repair or bypass some fraction of the molecular damage. (1958) . 6 We use the word interaction to describe experiments in which the combined biological actions of two inactivating agents are studied. In the case of the inactivation of microorganisms where the magnitude of the biological effect can be expressed in terms of the surviving fraction of cells, an interaction is described as synergistic, zero, or antagonistic, according as the net effect of the two agents together is greater than, equal to, or less than the sum of the logarithms of their independent effects (i.e., the product of the two independent surviving fractions for each agent alone). For synergistic interactions, the effect of the first agent on the survival curve of the second can be to remove an initial shoulder, increase the limiting slope, or both; the effect is properly described as a sensitization only if the limiting slope is increased.
Other types of synergistic effects among HN2, UV, and X rays have also been reported. For example, in Aspergilus terreus and Neurospora crassa, the UV-induced mutation rate is significantly enhanced by pretreatment with amounts of HN2 which, when used alone, have no appreciable mutagenic effect. Also, in Aspergillus, the mutation rate for combined UV and X ray
